The porB locus codes for the major outer membrane protein of Neisseria gonorrhoeae. Alleles of this locus have been assigned to two homology groups based on close sequence and immunological relationships and are designated as either PIA or PIB. Several population parameters were estimated and compared among these two groups using a data set of 22 PIA sequences and 91 PIB sequences obtained from diverse geographic localities and from time periods spanning approximately 50 years. Recombination appears to be extensive in the porB gene. While the recombination rates are similar for the PIA and PIB sequences, the relative contribution of recombination to genetic diversity is higher for the PIA sequences. Alleles belonging to the PIB group show greater genetic diversity than do those in the PIA group. Although phylogenetic analysis did not reveal temporal or geographic clustering of sequences, estimates of gene flow and the fixation index suggested that PIB sequences exhibit population substructure based on geographic locality. Selection acts in these homology groups in a different way. While positive Darwinian selection is the dominant force driving the evolution of the PIA sequences, purifying selection operates also on the PIB sequences. These differences may be attributable to the greater propensity of PIA strains, as compared with PIB strains, to cause disseminated gonococcal infection, which would expose the former to intense selection pressure from the host immune system. The molecular evolution of Neisseria gonorrhoeae seems to be driven by the simultaneous action of selection and recombination, but under different rates and selection pressures for the PIA and PIB homology groups.
Introduction
Gonorrhea is a common bacterial infection that is transmitted primarily by sexual contact or perinatally (for review, see Handsfield and Sparling 1995) . The causative organism of gonorrhea, Neisseria gonorrhoeae, was described by Neisser in 1879 and first cultivated in 1882 by Leistikov and Loeffler. Neisseria gonorrhoeae is a fastidious Gram-negative diplococcus which closely resembles the related human pathogen Neisseria meningitidis, as well as several commensal species. All Neisseria species reside on the mucous membranes of mammals. Humans are the only host of the gonococcus, and spread of the organism occurs only through direct person-to-person contact.
Protein 1 (PI), encoded by the porB locus, is the major outer membrane protein of Neisseria. It functions as an anion-selective porin allowing the passage of small molecules through the outer membrane. The general structure of these porins consists of nine internal conserved regions separated by eight surface-exposed regions that are highly variable in both amino acid sequence and length (Carbonetti and Sparling 1987; Carbonetti et al. 1988; van der Ley et al. 1991; Feavers et al. 1992; Mee et al. 1993 ) (see fig 1) . Protein 1 is constitutively expressed at high levels in all gonococci, is surface-exposed, and elicits a strong immune reaction during infection (Ison 1988) . This indicates that PI may play a crucial role in gonococcal interaction with host cells and, in general, with the immune system (Butt, Lambden, and Heckels 1990; Smith, Maynard Smith, and Spratt 1995) , affecting the transmission probability and the length of the infectious state and consequently influencing the growth rate. It is not surprising, then, that PI is considered a potential vaccine target (Elkins et al. 1992; Heckels, Virji, and Tinsley 1990) .
Alleles of this locus in N. gonorrhoeae have been assigned to two homology groups based on close sequence and immunological relationships and are designated as either PIA or PIB (Carbonetti et al. 1988 ). These two homology groups differ in molecular weight, susceptibility to proteolysis, and antigenic reactivity (Sandstrom, Chen, and Buchanan 1982) . Alleles within each group are much more similar to each other than they are to members of the other group (i.e., PIA and PIB form distinct monophyletic groups which predate the splitting of species within the genus Neisseria), and individual N. gonorrhoeae strains express either a PIA or a PIB allele (Smith, Maynard Smith, and Spratt 1995) . Although PIA/PIB recombinants can be constructed in the lab (Danielsson et al. 1986 ), such recombinants are virtually never found in natural isolates . While it is likely that PI is subject to immunological pressure to undergo variation, the timescale of such variation is unknown (Cooke et al. 1997) . The high nucleotide diversity of PIA alleles has been explained by Smith, Maynard Smith, and Spratt (1995) in terms of positive Darwinian selection acting primarily on the surface-exposed loop regions. On the other hand, it is not known which selective forces operate on the evolution of the PIB alleles. Furthermore, the relative frequencies of these two allelic classes differ greatly, with the PIB alleles showing a higher frequency for a given population. This indicates that different selection pressures may indeed be playing a role in the FIG. 1.-Amino acid replacement distribution on the Neisseria gonorrhoeae porin structure proposed by van der Ley et al. (1991) . Each point represents one replacement.
maintenance of the divergence between PIA and PIB allelic classes.
The characterization of the molecular evolution of the PIA and PIB groups can offer great insights into the evolutionary processes acting in N. gonorhoeae and into their interconnections with epidemiology. Knowledge of the population genetic structure is important for an understanding of the responses of pathogen populations to selective pressures imposed by host immunity and by antimicrobial drug therapy (Levin, Lipsitch, and Bonhoeffer 1999) . Smith, Maynard Smith, and Spratt (1995) previously investigated the action of positive Darwinian selection on the evolution of the PIA and PIB alleles. They found, using only two sequences from PIA and two from PIB, that these homology groups showed different levels of selection, with the PIA sequences having an increased number of nonsynonymous substitutions compared with the PIB sequences. They also found these changes to be localized on the surface-exposed loops of the outer membrane of the protein. However, their study was based on a very limited number of sequences (four), and their estimate of nonsynonymousto-synonymous substitution was based on a biased estimator Yang and Nielsen 2000) . Finally, their study, due to the small sample sizes, did not include any estimates of important population genetic parameters such as nucleotide diversity and recombination rate, thus limiting their ability to explain the differences between the PIA and PIB homology groups. We are interested in simultaneously estimating several distinct population parameters, such as genetic diversity, gene flow, population structure, recombination rate, and growth rate, to describe the evolution of the porB gene from a multivariable perspective. Addressing the questions of whether there are differences in the molecular evolution of the PIA and PIB homology groups and whether epidemiological differences in PIA and PIB are associated with changes in different population genetic parameters is the main goal of this work.
Materials and Methods

Source of N. gonorrhoeae Strains
Fifty-nine strains of N. gonorrhoeae were obtained from patients attending the Baltimore City Sexually Transmitted Diseases Clinics between 1995 and 1998. Twelve bacterial isolates, six from 1940-1941, two from 1971, and four from 1979, were obtained from the Bacterial Collection of the Walter Reed Army Institute (generously provided by Herman Schneder). All of the isolates came from patients living in the Washington, D.C., area. The porB sequences of these strains were compared with those of all porB sequences obtained from GenBank for which information on place and date of isolation was available. The PIA data set included 22 sequences, corresponding to four geographic localities (Baltimore, North Carolina, Washington, D.C., and the United Kingdom) and three time periods (the 1940s, the 1980s, and the 1990s) (see http://bioag.byu.edu/zoology/ crandalllab/cranlabpcbs.htm for details on samples used in this study). The PIB data set included 91 sequences, corresponding to five geographic localities (Baltimore, North Carolina, Washington, D.C., the United Kingdom, and Singapore) and four time periods (the 1940s, the 1970s, the 1980s, and the 1990s).
Sequencing of the porB Gene of N. gonorrhoeae
We established a polymerase chain reaction (PCR)-based method for sequencing a large fragment of the porB gene of N. gonorrhoeae starting with genomic DNA extracted from urine specimens or bacterial isolates.
For recovery of genomic DNA from urine, an aliquot of 1.8 ml of urine was centrifuged at 10,000 ϫ g for 10 min in an Eppendorf microfuge, and the pellet was resuspended in 600 l of Tris-EDTA buffer (pH 7.4). For extraction of genomic DNA from bacterial isolates, gonococcal colonies were scraped off an agar plate of a primary culture and resuspended in 600 l of Tris-EDTA buffer (pH 7.4). After addition of sodium dodecyl sulfate (SDS) and proteinase K to final volumes of 0.5% and 100 g/ml, respectively, the suspension was mixed by inverting repeatedly and incubated for 1 h at 37ЊC. The lysate was adjusted to 0.7 M NaCl and 1% cetyltrimethylammonium bromide (CTAB), mixed thoroughly, and incubated for 10 min at 65ЊC in order to precipitate cell wall debris, denatured proteins, and polysaccharides. The sample was extracted once with chloroform/isoamyl alcohol (24:1), once with phenol/ chloroform/isoamyl alcohol (25:24:1), and then a second time with chloroform/isoamyl alcohol. DNA was precipitated with isopropanol, and the pellet was washed once with 70% ethanol and resuspended in 15 l distilled water.
A seminested PCR was used to amplify two overlapping fragments of the porB gene. In the first round, a 2-l aliquot of the crude bacterial DNA was amplified in a 50-l reaction volume containing 200 M dNTPs, 0.5 M primers (POR-01, 5Ј-CTGACTTTG GCAGCCCTTCCTGTTG-3Ј, nt 179-203 [MS11 strain, accession number M21289) and POR-14, 5Ј-CAGAT-TAGAATTTGTGGC GC-3Ј, nt 1214-1195), 2.1 U Expand High Fidelity (Boehringer Manheim, Indianapolis, Ind.), a mix of Taq and pwo DNA polymerases, and the manufacturer's recommended buffer with 1.5 mM MgCl 2 . A hot-start PCR protocol was performed using wax beads from PE Applied Biosystems, Inc. (Foster City, Calif.). Cycle conditions were 94ЊC for 2 min to melt the beads, then 30 cycles of 94ЊC for 40 s, 65ЊC for 40 s, and 72ЊC for 1 min, then a final extension reaction for 10 min at 72ЊC. First-and second-round reactions were performed in a 9700 thermal cycler (PE Applied Biosystems). The PCR products were diluted 1: 100 in distilled water, and two nested reactions were performed using primers with 5Ј extensions encoding the M13 forward or M13 reverse sequencing primers. A 2-l aliquot was amplified in a 100-l reaction volume containing 200 M of dNTPs, 0.5 M primers (M13F-POR-01: 5Ј-GTCACGACGTTGTAAAACGA-CGGCCAGTCTGACTTTGGCAGCCCTT-3Ј [M13F sequence is underlined) and M13R-POR-08: 5Ј-CA-CACAGGAAACAGCTATGACCGT ATTGTGCGA-AGAAGC-3Ј, nt 742-726 [M13R sequence is underlined), or M13F-POR-11: 5Ј-GTCACGACGT-TGTAAAACGACGGCC AGTCTGTCCGTACGCT-ACG-3Ј, nt 602-617, and M13R-POR14: 5Ј-CA-C A C A G G A A A C A G C T AT G A C C A G AT T A -GAATTTGTGGC GC-3Ј), 1.4 U Expand High Fidelity enzyme mix, and the manufacturer's recommended buffer with 1.5 mM MgCl 2 . A hot-start PCR protocol was used with cycle conditions of 94ЊC for 2 min, followed by 35 cycles of 94ЊC for 40 s, 60ЊC for 20 s, and 68ЊC for 40 s, and a final extension reaction for 10 min at 72ЊC.
The PCR products were passed through a GeneClean spin column (Bio 101, Inc., Vista, Calif.) and eluted with 40 l dH 2 O, and the recovered DNA was measured by UV spectrometry. For dideoxy sequencing reactions, 60-80 ng of PCR product was added to a final reaction volume of 5 l containing 2 l of Big Dye Terminator RR mix (PE Applied Biosystems) and 1 M primer (M13 forward or M13 reverse sequencing primer). Cycle conditions were 95ЊC for 15 s, 50ЊC for 15 s, and 60ЊC for 4 min. After 25 cycles, reaction products were denatured by heating to 95ЊC for 30 s. The reaction volume was diluted with 15 l of distilled water and passed over a minicolum (Spin-50, BioMax, Inc., Odenton, Mo.) equilibrated with distilled water. The labeled nucleic acids were dried in a Speed Vac concentrator (Savant, Farmingdale, N.Y.) , resuspended in 7 l of loading buffer, and loaded into lanes of an ABI 377 automated DNA sequencer (Synthesis and Sequencing Facility, Department of Biological Chemistry, Johns Hopkins University School of Medicine). Trace data were edited and nucleotide sequences assembled with the SeqMan software program (DNASTAR, Inc., Madison, Wis.). The edited sequences typically spanned the region corresponding to amino acids 18-346 of the MS11 strain.
Analysis of N. gonorrhoeae porB Gene Sequences
Sequences were aligned using CLUSTAL X (Thompson et al. 1997) . Alignments were then adjusted by eye as needed (the PIA sequences had no indels, and the PIB sequences had only a single region of 18 nt of questionable alignment that was removed from the analysis). The best-fit model of DNA substitution and the parameter estimates used for the tree reconstruction were chosen by performing hierarchical likelihood ratio tests (see Huelsenbeck and Crandall 1997 ) using PAUP* beta 1 (Swofford 1998) and Modeltest 1.05 (Posada and Crandall 1998) . A neighbor-joining tree (Saitou and Nei 1987) was estimated for each data set using PAUP* beta 1 incorporating the best-fit maximum-likelihood model of evolution. Confidence in the tree relationships was assessed using 1,000 replicates of the bootstrap procedure (Felsenstein 1985) .
Since recombination can affect the phylogenetic estimate of relationships among the porB sequences, we tested each data set for evidence of recombination using the likelihood approach of Grassly and Holmes (1997) . Several genetic population parameters were also estimated. The recombination parameter C (ϭ2N ei c, where N ei is the inbreeding effective population size and c is the recombination rate per site per generation) (Hey and Wakeley 1997; Hudson 1987 ) was estimated using a coalescent approach implemented in SITES (Hey and Wakeley 1997) . Genetic diversity, (ϭ2N ei , where is the mutation rate per site per generation), was estimated using the program FLUCTUATE (Kuhner, Yamato, and Felsenstein 1998) . This coalescent-based method uses genealogical information and allows for variable population sizes when estimating genetic diversity (Kuhner, Yamato, and Felsenstein 1998) .
We tested for genetic differentiation of populations using a categorical approach and a quantitative approach. The categorical analysis consisted of a 2 test of sequence absolute frequencies at each location (Hudson, Boos, and Kaplan 1992) . Due to bias with low expected values, the P value was obtained by simulating the null distribution of no geographic subdivision (10,000 permutations) using the algorithm of Roff and Bentzen (1989) implemented in the program CHIPERM (D. Posada, available at http://bioag.byu.edu/zoology/ crandalllab/programs.htm). The quantitative analysis consisted of a molecular analysis of variance (AMOVA) (Excoffier, Smouse, and Quattro 1992) performed using ARLEQUIN (Schneider et al. 1997) . Gene flow can be easily estimated for recombining sequences by measuring F ST (Hudson, Slatkin, and Maddison 1992) and using the standard relationship F ST ϭ 1/(1 ϩ 2N ei m) (Wright 1951) to obtain N ei m, where m is the migration rate per generation. F statistics and N ei m values were estimated using the program ARLEQUIN.
Finally, to infer the extent of selection in the PIA and PIB homology groups, we estimated the changes in nonsynonymous substitution rates (those resulting in an amino acid replacement) and synonymous substitution rates (those causing no change in the amino acid). Since the majority of nonsynonymous substitutions are eliminated by purifying selection, neutral evolution predicts a predominance of synonymous substitutions (Miyata and Yasunaga 1980) . When positive Darwinian selection occurs, the nonsynonymous rate of substitution accelerates (Hughes and Nei 1988; Messier and Stewart 1997) . Therefore, the relative rates of nonsynonymous to synonymous substitutions can be good indicators of the amount and types of selection affecting a gene (Sharp 1997) . We estimated the rates of synonymous substitutions (K s ) and nonsynonymous substitutions (K a ) using the maximum-likelihood approach of Muse and Gaut (1994; Muse 1996) . The maximum-likelihood estimates avoid many of the problems associated with estimates based on pairwise comparisons and allow the incorporation of more complex and realistic models of evolution (Nielsen and Yang 1998; Crandall et al. 1999) .
Results
DNA sequences collected by our group have been deposited in GenBank under accession numbers AF200745-AF200814. Combined with additional sequences from GenBank, our resulting data sets contained 22 sequences of 908 nt for the PIA homology group from four distinct geographic locations and 91 sequences of 956 nt for the PIB group representing five geographic locations. This alignment can be obtained in Nexus format at our website: http://bioag.byu.edu/zoology/crandalllab/cranlabpubs.htm.
The best-fit model of evolution for the PIA homology group was the Kimura two-parameter model (K80 or K2P) (Kimura 1980) , with a transition/transversion (ti/tv) ratio of 2.1451, a significant proportion of invariable sites (I ϭ 0.8061), and rate heterogeneity among sites (G ϭ 0.8619). For the PIB group, the bestfit model was HKY (Hasegawa, Kishino, and Yano 1985) , with a ti/tv ratio of 2.2891, a significant proportion of invariable sites (I ϭ 0.8313), and rate heterogeneity among sites (G ϭ 1.0973). Thus, the optimization of a model of evolution for the two homology groups resulted in different models for each group. The major difference in models between the PIA and PIB groups was the incorporation of nucleotide frequency differences for the PIB sequences. We failed to reject the null hypothesis of equal base frequencies for the PIA sequences (table 1), whereas the PIB sequences have significantly different base frequencies (A ϭ 0.27, C ϭ 0.28, G ϭ 0.24, and T ϭ 0.21). Also, the molecularclock hypothesis was rejected for both data sets (table  1) . The neighbor-joining trees estimated using these models are shown in figures 2 and 3. For both PIA ( fig.  2) and PIB ( fig. 3 ) phylogenies, the sequences did not cluster according to sampling time or locality. Bootstrap support was very low across the trees.
Using Grassly and Holmes' (1997) likelihood method for detecting recombination, we concluded that there were three noncontiguous significant recombinant fragments spanning 20 bp in the PIA sequences and six noncontiguous fragments spanning 112 bp in the PIB sequences. We cut these fragments out of the alignment and performed new phylogenetic analyses. The exclusion of these fragments changed the best-fit models for the data sets. For the PIA edited data set, the best-fit model was K80ϩG, while for the edited PIB data set, the best-fit model was the GTRϩIϩG (e.g., Rodríguez et al. 1990 ). The neighbor-joining trees (figs. 4 and 5) obtained after removing the potential recombinant fragments were significantly different from those obtained with the complete data (Kishino-Hasegawa test; P ϭ 0.0094 for PIA, P Ͻ 0.0001 for PIB). Again in these new trees, we observed no geographical or temporal phylogenetic structure, and again bootstrap values were low. Excluding the regions associated with recombination leads to the discovery of greater differences in the evolutionary dynamics between these two homology groups. Now, they differ not only in nucleotide frequencies, but also in transition rates, in transversion rates, and in the proportions of invariable sites.
There are two standard approaches for measuring recombination rates. Both of these approaches attempt to estimate a population recombination parameter C (ϭ2N ei c) . The first method is based on the variance of the number of base pair differences between DNA sequences (Hudson 1987) . This estimator has the disadvantage that large data sets are required to obtain accurate estimates. An alternative approach is based on coalescent theory (Hey and Wakeley 1997) . In simulation studies, this last estimate showed low to moderate bias and gave reliable estimates of recombination rate, even for small data sets (Hey and Wakeley 1997) . These approaches have not been widely used, especially in the context of infectious diseases. Since recombination rate plays a dominant role in the molecular evolution of genes undergoing moderate recombination, it becomes an essential parameter to estimate. This parameter affects, among other things, the distribution of linkage dis- (Kimura 1980) ; SYM ϭ symmetrical model (Zharkikh 1994) ; HKY ϭ Hasegawa-Kishino-Yano 85 (Hasegawa, Kishino, and Yano 1985) ; GTR ϭ general time reversible (Rodrí-guez et al. 1990 ); G ϭ gamma; I ϭ invariable sites.
b Degrees of freedom (the difference in the number of free parameters between the two models being tested). In the case of the molecular clock, df ϭ n Ϫ 2, with n being the number of taxa.
c Due to the performance of multiple tests (six), the individual significance level of rejection of the null hypothesis should be adjusted via the Bonferroni correction to ␣ ϭ 0.01. d ti ϭ transitions and tv ϭ transversions.
equilibrium between sites and the variance of the number of segregating sites in samples (Hudson 1987) . Using the approach of Hey and Wakeley (1997), we found similar overall recombination rates for the different homology groups and some differences among populations (table 2) . Because the variances for these estimates are not defined, a statistical test to compare these values is not straightforward. Genetic diversity () estimates for each population and for the total data set were calculated using a phylogenetic maximum-likelihood approach (table 2). The total variation in genetic diversity is higher for the PIB sequences than for the PIA sequences; however, it seems that the relative contribution of recombination to genetic diversity is greater for the PIA sequences. This greater relative contribution of recombination to genetic diversity may be due to a higher mutation rate in the PIB sequences. Recombination can contribute to genetic diversity by forming new combinations of existing sequence variants, thereby adding diversity to the population. The genetic diversity is clearly higher in the PIB sequences. Since the effective population size cancels out in the c/ statistic, the differences remaining seem to be driven by a faster mutation rate in the PIB (or a higher rate of recombination in PIA). Either way, this difference suggests that different population dynamics are occurring in these two homology groups, suggesting the evolution of different pathogenic strategies. Gene flow is another important parameter for understanding the evolution of N. gonorrhoeae. The estimated N ei m values are shown in table 3. For the PIA sequences, N ei m values ranged from 0.946 between North Carolina and Washington, D.C., to an incredibly high 14.693 between Washington, D.C., and the United Kingdom. This latter value may be an artifact of small sample sizes (n ϭ 3 for Washington, D.C., and n ϭ 8 for the United Kingdom). The PIB sequences showed low levels of gene flow across continents (N ei m ϭ 1.888 between Washington, D.C., and the United Kingdom and 1.828 between the United Kingdom and Singapore). As expected, the PIB sequences showed extremely high levels of gene flow between Baltimore and Washington, D.C. (N ei m ϭ 31.820), and moderately high levels between Baltimore and Washington, D.C., and North Carolina. The categorical analysis for detecting geographic subdivision was significant for the PIB alleles (P Ͻ 0.0001), while we could not reject the hypothesis of overall geographic homogeneity for the PIA sequences (P ϭ 0.5916), presumably due to the small sample sizes for this homology group. Fixation indices partitioned this variation (table 4), indicating that for the PIB sequences, the distribution of haplotypes among popula- NOTE.-C is the recombination parameter (Hey and Wakeley 1997) . is the estimate of genetic diversity (Kuhner, Yamato, and Felsenstein 1998) . The ratio of the recombination rate to the mutation rate (c/) was obtained by dividing C/. K a /K s is the nonsynonymous/synonymous substitution rate ratio (Muse 1996) . Asterisks indicate small samples. tions among continents (F ST ) is not random, while for both groups there is no geographical association of the variation of haplotypes among populations within continents (F SC ) or among continents (F CT ). The analysis of molecular variance shows (table 5) that most of the variation for the PIA and PIB groups is located within populations (88% and 86% for PIA and PIB, respectively), while some of the variation corresponds among continents (8% and 11% for PIA and PIB, respectively). Of the total variation, only 4% and 3% corresponds to differences among populations within a continent for PIA and PIB, respectively.
The ratios of nonsynonymous sites to synonymous sites were 59/10 for the PIA sequences and 96/37 for the PIB sequences. For the PIA sequences, the average number of nonsynonymous sites was 704.39, while the average number of synonymous sites was 204.61. For the PIB sequences, the average number of nonsynonymous sites was 736.12, while the average number of synonymous sites was 219.56. The average K a /K s was 2.38 for the PIA and 0.59 for the PIB sequences (see table 2). Clearly, these two homology groups are under different selection pressures, presumably due to different selective constraints on them. We partitioned all the amino acid replacements on the different porin regions (external loops or internal regions) for better visualization of their distribution ( fig. 1 and table 6 ). The distributions of amino acid replacements were not significantly different among the PIA and PIB sequences (two-way AN-OVA using the length of the region as a covariate; P ϭ 0.242). The distributions of the replacements among internal or external regions were significantly different for both groups, accumulating more replacements in the exposed regions than in the internal regions (ANOVA; P values were 0.003 and 0.013 for the PIA and PIB sequences, respectively). Since the differences do not appear to be correlated with structural differences in the protein, we hypothesize that the selective differences between PIA and PIB have to do more with their epidemiology. We discuss this in more detail in the next section.
Discussion
Neisseria gonorrhoeae has been proposed to have a nonclonal population structure, being effectively panmictic (Maynard Smith et al. 1993; O'Rourke and Stevens 1993) . This is due mainly to recombination, presumably mediated by genetic transformation , which has been shown to be extensive in Neisseria and in the porB gene (Feavers et al. 1992; Vázquez et al. 1993; Spratt et al. 1995; Hobbs et al. 1999) to the point of resulting in linkage equilibrium within populations (Vázquez et al. 1993 ). Recombination in bacterial sequences makes them particularly difficult to study from a phylogenetic perspective. Indeed, development of the first methods to detect recombination was stimulated by the analysis of bacterial gene sequences (e.g., Stephens 1985; Sawyer 1989) . While recombination occurs in N. gonorrhoeae , some phylogenetic signal still remains. Indeed, it is through the discordance of phylogenies from different gene regions that researchers have concluded recombination occurs .
Researchers of infectious diseases typically use a Kimura two-parameter model (K80 or K2P) (Kimura 1980) to model molecular changes. The K80 model only accounts for differences between transitions and transversions. However, there are other parameters worth considering, e.g., nucleotide frequency differences, rate heterogeneity, etc. Therefore, an alternative model of evolution which takes into account more parameters may be more appropriate for a given data set. Indeed, the resulting topology and conclusions based on that to- NOTE.-PIA-group 1: Baltimore (n ϭ 9), Washington, D.C. (n ϭ 3), and North Carolina (n ϭ 2); group 2: United Kingdom (n ϭ 8). PIB-group 1: Baltimore, Washington, D.C., and North Carolina; group 2: Singapore; Group 3: United Kingdom.
pology can be greatly influenced by the choice of model of evolution (Kelsey, Crandall, and Voevodin 1999) . Thus, it is important to optimize models of evolution for particular data sets to infer phylogenies and then to use these phylogenies to test for recombination. As far as the detection of recombination depends on the estimated topologies, the use of a correct model of evolution will make its inference more reliable.
We have developed a hypothesis-testing framework to justify the choice of a model of evolution (Huelsenbeck and Crandall 1997) . We have also developed software (Modeltest, freely distributed at our web site: http: //bioag.byu.edu/zoology/crandalllab/programs.htm) that uses likelihood ratio tests to determine the model that best fits the data at hand (Posada and Crandall 1998) . Once a model of evolution is chosen, phylogenetic relationships among sequences can be estimated using either the neighbor-joining algorithm (Saitou and Nei 1987) or the maximum-likelihood criterion (Felsenstein 1981) . Our data sets were too large for maximum-likelihood analyses because of the computational expense of this method with large numbers of sequences. Therefore, we used the neighbor-joining method to estimate phylogenetic relationships. The PIA and PIB sequences show little phylogenetic structure due to geography or date of isolation, in concordance with previous results (Smith, Maynard Smith, and Spratt 1995) . This lack of phylogenetic structure is likely to be the consequence of extensive recombination in the porB gene, since we have reduced the possibility of error due to inappropriate models of evolution. Even after removing recombinant fragments that were detected by the method of Grassly and Holmes (1997), we did not observe geographic or temporal phylogenetic structure. This is not surprising, because most of the recombination is probably still undetected by their method. Further progress in phylogenetic analysis of N. gonorrhoeae will require the development of improved methods to detect recombination or to deal with recombination in phylogenetic reconstructions. These are both areas of research that our group is actively pursuing.
The results of our population genetic analysis clearly reinforce the idea that recombination is extensive in N. gonorrhoeae. We also show that recombination appears to be similar in both the PIA and the PIB homology groups. However, these groups differ greatly in their levels of genetic diversity. The diversity generated by point mutation is reflected by the estimates of the parameter (2N ei ), while the estimates of the parameter C (2N ei c) indicate the diversity generated by recombination. Hence, if we divide one by the other, we will have an estimate of the ratio c/, which can be interpreted as the relative chance of recombination per site versus the chance of point mutation per site. The high ratios of the recombination rate to the mutation rate (c/ ) for all of the populations (table 2) indicate that recombination is a major force generating diversity in N. gonorrhoeae. Again, there is a distinction between the PIA and the PIB groups in that the PIA group has a much higher c/ ratio than does the PIB group, suggesting differences in the roles of recombination and mutation in generating diversity in these two homology groups. This interaction among recombination and mutation and its contribution to the evolution of natural populations has been also described for plant viruses (Aranda et al. 1997) .
The N ei m estimates for the PIA sequences did not make geographic sense, in that those locations in closer geographic proximity showed lower levels of gene flow, most likely because of the small sample sizes of sequences from North Carolina (two) and Washington, D.C. (three). However, for the PIB sequences, closer locations showed higher levels of gene flow, suggesting that geographic distance may be a factor in the spread of genetic diversity among isolates of N. gonorrhoeae. This is contradictory to the interpretation by Smith, Maynard Smith, and Spratt (1995) that N. gonorrhoeae is a panmictic species. This is also reflected in the moderately high F ST estimate and in the categorical analysis of geographic association, suggesting that there is geographic subdivision for the PIB sequences, although we probably do not have enough power (i.e., a large enough sample size) to reject geographic homogeneity for the PIA sequences. This subdivision is at the level of the population. As one of the main forces generating diversity is recombination, most of the variation is located within populations. As compared with the phylogenetic analysis, which failed to show structure due to geography, these population genetic analyses suggest that there is population substructure based on geographic locality. Directional positive selection appears to be operating to a significant extent in these sequences. This is not a surprise given the intensive selection pressures put on these bacteria by the immune system and antibiotic treatment (Smith, Maynard Smith, and Spratt 1995) . The selective distribution of the replacements in the surfaceexposed loops supports this idea. However, selection intensities as a whole appear to differ between the two homology groups. The PIA sequences are clearly evolving as a whole under positive selection, especially in the exposed regions. This supports the earlier conclusions of Smith, Maynard Smith, and Spratt (1995) based on a very limited data set. Given the reduced genetic variation associated with the PIA sequences, this suggests a role for selective sweeps in reducing the amount of genetic variation within a population. Although uncomplicated gonorrhea is caused by isolates of either PIA or PIB homology groups, there are epidemiological differences among these groups. Blood isolates during disseminated gonococcal infection belong almost invariably to the PIA group , whereas isolates from mucosal surfaces more often belong to the PIB group (Morse et al. 1982) . These epidemiological correlates may provide an explanation for the apparent difference in selection pressures acting on the PIA and PIB sequences. Invasive disease would be expected to subject N. gonorrhoeae to more intense selection pressure from the host immune system than would occur during infections confined to mucosal surfaces. The PIB sequences, although they accumulate many replacements on the exposed regions, appear to be subject also to some extent of purifying selection. However, recombination is so high in these sequences that they maintain a great amount of diversity.
Conclusions
We have shown that the evolution of N. gonorrhoeae is driven by the simultaneous action of selection, mutation, and recombination. Recombination generates diversity, on which selection acts, favoring the differential spread of the fittest alleles, counterforcing the action of recombination. However, this relationship will change in different evolutionary scenarios. The PIA and PIB homology groups are evolving in different manners. The levels of genetic diversity are different between these two groups, with the PIB group showing higher diversity. The relative contribution of recombination to this diversity differs between these two groups, and the type and intensity of natural selection differs between them. Finally, the population structures also appear to differ between these two groups. Given these differences and the difference in the frequencies of the two homology groups in infected populations, there is a suggested difference in pathogenicity between the two groups driven by these differences in population genetic parameters. These differences also suggest an explanation for the differences in demography of the different homology groups. This discovery sets the stage for future work in two distinct areas: (1) in theoretical work modeling the population dynamics of the PIA and PIB groups with differences in these important parameters, and (2) in empirical studies combining analyses of population genetic parameters with more detailed epidemiological data. This approach will allow the investigation of correlations between population genetic parameters that differ between the homology groups and various epidemiological factors. For example, Hobbs et al. (1999) have suggested different transmission dynamics between male and female infected patients. Are these differences seen in both homology groups? How do the population dynamics of PIA and PIB differ by sex of host? Future work by our group will explore in more detail the epidemiological and clinical correlates with genetic diversity, recombination rates, and selection intensity to explain the distribution of variation in N. gonorrhoeae.
